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Abstract: Quantification of optical absorption gaps in nailfold capillaries has recently shown
promise as a non-invasive technique for neutropenia screening. Here we demonstrate a low-cost,
portable attachment to a mobile phone that can resolve optical absorption gaps in nailfold
capillaries using a reverse lens technique and oblique 520nm illumination. Resolution <4µm
within a 1mm2 on-axis region is demonstrated, and wide field of view (3.5mm × 4.8mm)
imaging is achieved with resolution <6µm in the periphery. Optical absorption gaps (OAGs)
are visible in superficial capillary loops of a healthy human participant by an ∼8-fold difference
in contrast-to-noise ratio with respect to red blood cell absorption contrast. High speed video
capillaroscopy up to 240 frames per second (fps) is possible, though 60fps is sufficient to resolve
an average frequency of 37 OAGs/minute passing through nailfold capillaries. The simplicity
and portability of this technique may enable the development of an effective non-invasive tool for
white blood cell screening in point-of-care and global health settings.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Capillaroscopy, the microscopic evaluation of capillary organization and microvascular blood
flow, is a century old technique that has shown value in a variety of clinical fields. The evaluation
of nailfold capillary morphology to assess Raynaud’s disease and systemic sclerosis is an
established clinical technique, capillary tortuosity and blood velocity are significantly correlated
with diabetic retinopathy severity, and capillary plexus visibility has been shown to correlate
even with seemingly distant disease processes such as schizophrenia [1–5].

Despite its long history, new discoveries and novel applications of nailfold capillaroscopy are
still being developed, and renewed interest has recently been spurred by modern microscopy
techniques and improved imaging technologies. High speed video capillaroscopy can resolve,
track, and quantify optical absorption gaps (OAGs) between red blood cells [6,7] flowing in
capillaries, which are typically 150-400µmdeep in the nailfold [8]. Evidence that these absorption
gaps are caused by white blood cells has been demonstrated in a variety of settings including
animal cremaster vasculature and in the retina, as it relates to the blue entopic phenomenon
[9–12]. The frequency of OAGs has recently been found to correlate with neutropenic status in
cancer patients receiving chemotherapy, opening the door to non-invasive, at-home or point-of-
care measurement of white blood cell (WBC) concentration [7,13]. Current invasive methods
to measure WBC status require a finger prick or venipuncture, which can subject already
immunocompromised cancer patients to increased risk of iatrogenic infection and hospitalization
[14]. Additionally, due to the required trained personnel and expensive laboratory equipment for
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a conventional complete blood count, the development of more accessible tools that accomplish
similar tasks would be valuable in remote and low-resource settings without access to cytometry
labs. Further, the WBC count generally provides a gauge of immune status, and is commonly
used in diagnosing infection, cancer, immune suppression, and auto-immune disease [15–18].
The widespread use of mobile phones with increasingly-sophisticated imaging capabilities

provides an opportunity for global health tools that can be deployed at wide scales. Camera phones
have been developed for applications that include prescribing eyeglasses [19], diagnosing ear
infections [20], and screening for anemia [21]. Many mobile phone based portable microscopes
have been developed in the last decade [22–26], each with various tradeoffs of complexity, image
resolution, and field of view. Recently, Switz et al. proposed a simple reverse lens attachment to
a mobile phone camera that enables high resolution 1x imaging over a large field of view [27].
The symmetry in this reverse lens approach yields simultaneous satisfaction of the Sine and
Herschel conditions, leading to correction of spherical aberration [28]. Further, the additional
reversed lens has an identical acceptance angle to the intrinsic mobile phone lens, leading to a
wide field of view that utilizes the entire imaging sensor [27].

In this paper, we develop and characterize a portable nailfold capillaroscope attachment for
an iPhone X that relies on this reverse lens approach and demonstrate that this technique can
resolve optical absorption gaps in human nailfolds in vivo. Given prior research demonstrating
correlation between nailfold absorption gap frequency and neutropenia [7,13], we envision this
approach could enable rapid white blood cell screening in point-of-care applications, including
low-income countries, where infection and communicable disease are among the leading causes
of death [29,30].

2. Materials and methods

2.1. Reverse lens capillaroscope

The reverse lens iPhone X capillaroscope consists of a detachable, 3D printed housing to hold
the external lens and four green LEDs within a battery powered circuit (Fig. 1). The external lens
was harvested from an OEM iPhone X widefield rear camera replacement part (SKU #9-AP-3772
[31]). The orientation of this lens was reversed and positioned in contact with the internal mobile
phone lens via a 3D-printed housing (printed on Formlabs Form 2). We choose to implement our
capillaroscope using the wide-angle camera due to its high numerical aperture (f/# = 1.8), and
predicted diffraction-limited resolution of 1.14µm [32]. Four green LEDs (Lighthouse LEDs,
1.8mm, 515-525nm, 20-30° viewing angle) were fastened into the housing at 70° to the optic axis,
adjacent to the clear aperture of the reversed lens. The LEDs were wired in parallel to each other,
each with 200Ω resistors, and powered by a 3V DC battery (CR2032). The reverse-lens housing
was designed to pressure-fit to the raised surface around the rear camera of the iPhone X.

LEDs were aligned with oblique geometry at 70° to enable for bright illumination of the
short working distance and to help eliminate specular back reflection. Green light was chosen
for two reasons: (1) green light gives high contrast for OAGs, managing the tradeoff between
imaging depth and contrast from hemoglobin absorption, and (2) green illumination allows us
to exploit the higher spatial sampling frequency of the Bayer filter commonly found in mobile
phone cameras.

2.2. Image resolution

Image quality and magnification were measured using a 1952 NBS Imaging Target (Thorlabs,
Fig. 2(a)-(d))). The resolution was characterized across the field of view by measuring MTFs
from a slanted edge up to 2.55 mm off-axis. After quantitatively assessing the system with the
resolution target in air, a microfluidic capillary phantom was fabricated to qualitatively assess the
visibility of red blood cells. We used a previously-developed protocol [33] to construct a PDMS
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Fig. 1. Reverse lens capillaroscope design. (a) Image of mounted mobile phone capillaro-
scope prototype, (b) nailfold imaging with reverse lens technique, (c) contrast to red blood
cells (RBCs) is generated due to absorption of green light by hemoglobin, leaving white
blood cells or plasma gaps appearing bright.

phantom with 20 µmwide capillaries 50 µm below the surface (Fig. 2(e)). The PDMS was doped
with Titanium Dioxide and India ink to create reduced scattering and absorption coefficients of
1.7 mm−1 and 0.02 mm−1 at 520nm respectively, mimicking the optical properties of human skin.
Human blood was flowed through this phantom with a syringe pump at physiologically-realistic
speeds around ∼ 500 µm/s, and imaged with the cell-phone prototype. Since human nailfold
capillaries are 150-400µmdeep [8], this measurement provides a best-case scenario for visualizing
individual blood cells.

Fig. 2. Capillaroscope resolution characterization. (a) Image of 1952 NBS Imaging Target.
Numerical markings have units of line pairs per mm (lp/mm). (b) Magnified region of
interest from (a) including three lines at a spatial frequency of 80 lp/mm. (c) Edge spread
function used for 2550µm off axis MTF calculation (50µm scale bar). (d) Calculated MTFs
for edge spread functions acquired at increasing distance from the optic axis. (e) Image of
superficial capillaries in a microfluidic phantom demonstrates resolution of single red blood
cell shadows (200 µm scale bar).

2.3. Nailfold imaging

Imaging human nailfolds in vivo was performed with approval from the Johns Hopkins University
Institutional Review Board (IRB00204985). All participants provided written consent before
entering the study. Prior to imaging, a drop of mineral oil was placed on the nailfold to help



Research Article Vol. 11, No. 4 / 1 April 2020 / Biomedical Optics Express 2271

index match and smooth the tissue surface. Image data were acquired in RAW mode using
the image acquisition application VSCO (Visual Supply Company), with the following settings
manually fixed: ISO = 125, exposure time = 1/952 seconds, aperture size = f/1.8, and manual
focus position = infinity. Video data were acquired using the app FiLMiC (Filmic Entertainment),
at 2160 x 3840 pixel image size, with ISO = 200, and exposure time = 1/700 seconds. Though
the iPhone X is capable of 240fps, we found that 60fps was sufficient for capturing flowing OAGs,
and so this setting was used for all video data presented in this manuscript. Visibility of OAGs
was assessed using contrast-to-noise ratio: CNR = (µb − µc)/

√
σ2

b + σ
2
c . Where µb and µc are

the mean and σb and σc are the standard deviation in a line profile across the background tissue
and capillary, respectively. The CNR is typically high due to absorption contrast when red blood
cells fill the lumen of the capillary. In the presence of an OAG, the CNR drops to near unity. The
CNR was calculated across 5 capillaries in the presence and absence of an OAG.

3. Results

3.1. Image resolution

The image quality was assessed by imaging a resolution target (1952 NBS Imaging Target,
Thorlabs, Fig. 2(a)-(b)) and calculating MTFs from edge spread functions taken at different
locations across the field of view, using the slanted edge technique (Fig. 2(c)-(d)) [34]. Using the
80lp/mm markings as a fiducial, the magnification of the system was measured to be 1.03x, close
to the expected 1x, resulting in a field of view of 3.5mm x 4.8mm.

The resolution of the system was determined to be 3.75µm (on-axis) by identifying and taking
the inverse of the spatial frequency at which the normalized contrast drops to 10% (267 mm−1).
The iPhone X rear widefield camera has a pixel size of 1.22µm, leading to a sample pixel size
of 1.18µm. Assuming the sensor operates with a standard RGGB Bayer pattern color filter, the
effective pixel pitch of the green channel in the imaging system is 1.18

√
2 = 1.67µm. Using

classical sampling criteria [35], we calculate a predicted maximum resolvable spatial frequency
of 299mm−1, and a spatial resolution of 3.34µm. The observed on-axis resolution is close to what
is predicted by the Nyquist sampling limit. Resolution worsened as further off-axis MTFs were
calculated, however a resolution of 5.2µm was still observed up to 2.55mm off-axis, highlighting
the wide field of view capability of this technique, (Fig. 2(d)). The size of the point spread
function is similar to the maximum dimension of a red blood cell (6 - 8 µm). We experimentally
tested the capability of the system to image individual red blood cells in a microfluidic capillary
phantom. One such RAW image of this phantom is demonstrated in Fig. 2(e), where individual
red blood cells are visible as absorption shadows ∼8 µm across.

3.2. Nailfold imaging

With a drop of mineral oil applied to a human nailfold, RAW images were acquired of capillary
loops. Figure 3 demonstrates the ability of the mobile phone capillaroscope to resolve optical
absorption gaps in vivo in human nailfolds using RAW image acquisition. Figure 3(a)-(b) shows
example images of nailfold capillaries separated by approximately 500 ms in time. When red
blood cells fill the lumen of the capillary, capillary outlines are dark due to absorption contrast
(Fig. 3(c)) and demonstrate an average contrast-to-noise ratio (CNR) of 4.7 (σ = 0.7). Optical
absorption gaps (OAGs) between absorbing red blood cells are distinguishable as a decrease
in CNR to an average of 0.6 (σ = 0.4), highlighted in Fig. 3(d). Representative line profiles
showing the variation in intensity across the capillary with and without an absorption gap are
shown in Fig. 3(e).



Research Article Vol. 11, No. 4 / 1 April 2020 / Biomedical Optics Express 2272

Fig. 3. (a)-(b) Raw nailfold capillary images at different time points (∆t = 500 ms)
demonstrate imaging of optical absorption gaps in vivo. Scale bars are 250µm. (c)-(d) Boxed
regions in (a) and (b), respectively, highlight a flowing absorption gap. Scale bars are 50µm.
(e) Representative line profile through green and orange lines highlighted in (c) and (d).

3.3. High speed video capillaroscopy

The high speed sensors in the iPhone X allow imaging up to 240fps at 2160 x 3840 resolution.
However, the impressive speed and small size of the device aremade possible through sophisticated
video codecs (H.264 and HEVC) that are lossy compared to RAW image acquisition. We find
that, despite this compression, optical absorption gaps are still resolvable in high speed video
acquisition. In practice, because we are using a low magnification system and nailfold capillary
flow is often 1mm/s or slower [36], we found 60fps imaging was sufficient to capture optical
absorption gap flow. At 1mm/s blood cell velocity and 60fps acquisition, we calculate a given
blood cell would translate approximately 17µm (14 pixels) per frame, fast enough to capture
around 14 images of a single OAG flowing through a capillary loop 200µm in length. Figure 4
shows temporally-separated frames (∆t = 83ms) from a nailfold capillaroscopy video. Overall,
we analyzed 9 seconds of video of blood flow through 5 capillaries, and observed an average ±
standard deviation frequency of 37 ± 25 OAGs/minute (see Visualization 1). This rate is within
the range observed by Bourquard et al. in baseline participants (individuals without neutropenia)
[7]. The OAG count per minute, called the "Leuko Index," has been shown to inversely correlate
with absolute neutrophil count [7,13]. The average diameter of the absorption gaps observed in
this video was 7.6 µm with a standard deviation of 1.9 µm.
The effect of the video compression is particularly visible when examining the background

pixel-wise noise present in RAW image acquisition (Fig. 2(b), and Fig. 3(c)-(d)), as compared to
the patch-wise noise present in high speed video acquisition Fig. 4(b)-(f). Despite this, optical
absorption gaps are still readily visible in the videos (see Visualization 2). Absorption gaps
flowing through capillary loops can be temporally tracked (orange arrows, Fig. 4(b)-(f)). Using
this approach, the speed of the optical absorption gaps was measured at a mean of 390µm/s with
a standard deviation of 106µm/s across five different capillaries.

https://doi.org/10.6084/m9.figshare.10126322
https://doi.org/10.6084/m9.figshare.10125566
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Fig. 4. (a) Wide field of view nailfold capillaroscopy image, 200µm scale bar (see
Visualization 1). (b)-(f) Boxed region of interest from (a) with temporally-separated images
from a high speed video capillaroscopy acquisition at 60fps. Every 5th frame was selected
from the video, with a temporal separation of 83ms. Scale bar is 50µm. (see Visualization
2).

4. Discussion

Our experiments demonstrate that mobile phone capillaroscopy is a promising technique for
point-of-care white blood cell (WBC) count screening due to its ability to resolve optical
absorption gaps (OAGs). We demonstrate that both RAW image and video acquisition can
resolve OAGs, though lossy compression in video introduces additional artifacts. Video
information could be used to estimate blood velocity and verify the incompressibility of OAGs to
distinguish between WBCs and plasma gaps. This represents a promising avenue for delivering
neutropenia or leukocytosis screening in a point-of-care or global health setting because mobile
phones are commonly available, compact, battery-powered, and portable. They are powerful,
cloud-connected computers, which could enable automated counting of OAGs [13].

Non-invasive absolute neutrophil count (ANC) screening was initially shown possible with a
prototype by Bourquard et al. [7]. This prototype demonstrated 5x, 4.2µm resolution, 60 fps
imaging with a 1.360 x 1.088 mm field of view (FOV). The iPhone capillaroscope developed
here has slightly improved on-axis resolution (3.75µm) and a much larger FOV 3.5 x 4.8 mm.
Interestingly, blood velocity was not shown necessary for accurate ANC screening in Bourquard
et al.’s initial publication, making it possible that sequentially-acquired RAW images on a mobile
phone could be used instead of high speed video imaging.

https://doi.org/10.6084/m9.figshare.10126322
https://doi.org/10.6084/m9.figshare.10125566
https://doi.org/10.6084/m9.figshare.10125566
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In this study, the iPhone X was chosen for convenience. However, we believe that this technique
could be generalized to most other modern mobile camera phones, provided a new capillaroscope
housing is designed for a given mobile phone. Table 1 compares a few such options. For example,
the original reversed lens mobile phone publication demonstrated ≤ 4µm resolution over a 1mm2

FOV in an iPhone 4S, a now 8-year-old phone. However, this model of iPhone is limited to
30fps video, and higher frame rates were not introduced until the iPhone 6. Inexpensive Android
phones also appear compatible with this technique, such as the ∼ $ 150 Motorola Moto G7,
whose 12 MP f/1.8, 1.25 µm camera is capable of up to 60fps at 1080p resolution [32]. Though
not the most inexpensive, an option we believe is worth pursuing is the ∼ $500 Huawei P20 Pro,
whose 20MP monochrome f/1.6 camera would be ideal for the quasi-monochromatic illumination
used in capillaroscopy. Camera specifications and prices were compiled from GSMarena.com
and Newegg.com as of October 2019 [32,37].

Table 1. Comparison of Mobile Phone Capillaroscope Options

Phone Cost Imaging Speed (fps) f/# pixel size (µm) Sampling Limit (µm)

iPhone 4S $44 30 2.4 1.4 3.95

iPhone 6 $115 60 2.2 1.5 4.24

iPhone X $590 240 1.8 1.22 3.45

Motorola G7 $200 60 1.8 1.25 3.54

Huawei P20 Pro $470 60 1.6 1.00 2.00

Future work towards developing a robust mobile phone capillaroscope capable of white
blood cell count screening will include imaging microfluidic capillary phantoms with known
ground truth white blood cell concentrations. A similar study to Pablo-Trinidad et al. [13]
should be conducted in vivo in humans with ground truth complete blood counts. Lastly,
neutropenia screening using nailfold capillaroscopy has not been shown effective in individuals
with Fitzpatrick skin phototype >4, due to loss of absorption contrast to red blood cells from
overlying absorptive melanin in the epidermis. The technique requires further innovation to
overcome this bias and become an effective global health tool.

5. Conclusion

Nailfold capillaroscopy is a simple microscopy technique with exciting and unexplored clinical
utility. Resolution and quantification of optical absorption gaps (OAGs) in nailfold capillaries
in vivo has been shown to be an effective tool for neutropenia screening. In this paper, we
demonstrate that OAGs can be resolved in nailfolds in vivo with a simple add on to a mobile
phone. These data lay the groundwork for further clinical studies testing the efficacy of mobile
phone capillaroscopy for white blood cell count screening in patients with ground truth complete
blood count values. Future work could include the assessment of more sophisticated illumination
strategies that may improve phase contrast and specificity to white blood cells [38], as well
as a side by side comparison of OAG frequency measured by mobile phone capillaroscopy to
WBC count measured by conventional blood draw and laboratory analysis. Due to its portability,
affordability, and potential to serve as a screening tool for a conventionally lab-based invasive
test, the mobile phone capillaroscope could serve as an important point-of-care tool.
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